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Abstract
We developed an extrusion process with a cross-sectional area reduction as ‘single-pass severe plastic forming (S2 PF)’ process for producing
ultrafine-grained plain carbon steels. We investigated the microstructure and mechanical properties of fine-grained 0.2% carbon steels extruded at
1100–600 ◦ C. Ultrafine ferrite grains with a grain size of 1.2 m were generated at the surface of the materials extruded at 700 ◦ C. The materials
extruded at 800, 700 and 600 ◦ C were investigated by scanning electron microscopy, electron backscattering diffraction analyses, tensile tests and
compression tests. Extrusion at 700 ◦ C, which is near the austenite–ferrite transformation temperature (Ar3 ), produced a material sample with a
diameter of 5 mm, an average ferrite grain size of approximately 2 m, a tensile strength of about 700 MPa, a uniform elongation of about 15%
and a good cold-forging property.
© 2007 Published by Elsevier B.V.
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1. Introduction
Fine microstructures lead to superior mechanical properties of a bulk material. To generate steels with ultrafine grains
(UFGs), severe plastic deformation (SPD) and advanced thermomechanical processes (ATPs) are known as efficient methods
[1]. SPD processes such as ECAP (equal channel angular pressing) [2–4] and ARB (accumulative roll-bonding) [5], and ATPs
such as hot deformation with controlled cooling [6–8] or warm
deformation [9,10] have been developed and reported. The SPD
techniques, which impose a large strain (e.g., a total true strain of
above 3), are only useful for producing laboratory-scale samples
because of their accumulative characteristics, and the finished
grains are elongated in many cases. On the other hand, largescale industrial steels with UFGs can be efficiently produced
by ATP techniques. High-speed hot deformation followed by
controlled cooling with austenite dynamic recrystallization is an
approach for obtaining equiaxed random microstructures. Warm

∗

Corresponding author. Tel.: +81 3 5841 6362; fax: +81 3 5800 6997.
E-mail address: nagato@hnl.t.u-tokyo.ac.jp (K. Nagato).
1 Present address: Yokohama National University, Tokiwadai 79-1, Hodogayaku 240-8501, Yokohama-shi, Kanagawa, Japan.
0921-5093/$ – see front matter © 2007 Published by Elsevier B.V.
doi:10.1016/j.msea.2007.06.039

rolling is also a continuous process, resulting in equiaxed ferrite
grains.
It was found that extrusion with cross-sectional area reduction [11,12] could realize SPD for the generation of UFGs in
a single pass, and austenite static recrystallization could be
suppressed by cooling immediately after hot extrusion. The
advantages are not only the single-pass hot SPD but also the
flexibility of the finished shape of the cross-section, relatively
compact equipment and low consumption of energy. Furthermore, various ferrite grain sizes can be generated by changing
the extrusion temperature or cooling rate, as in industrial hot
forming.
In this study, we have developed a new potential method
of extrusion with a cross-sectional area reduction, we named
‘single-pass severe plastic forming (S2 PF)’, for producing
ultrafine-grained steels. Mild steels (0.2% carbon) are processed
by S2 PF at hot and warm phases (1100–600 ◦ C). The microstructures of the materials extruded at 800/700/600 ◦ C are observed
by field-emission scanning electron microscopy (FE-SEM), and
the distributions of misorientation angles and textures are clarified by electron backscattering diffraction (EBSD) analyses. The
mechanical properties of the extruded bulk materials are examined by tensile tests at room temperature and cold compression
tests.
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Fig. 1. Cross-section of extrusion setup.
Fig. 2. Ferrite grain sizes at the center and surface (100 m below the edge) of
extruded materials.

2. Extrusion experiment
Fig. 1 shows the configuration of the extrusion setup.
We adopted forward extrusion. The die had an R-shaped
longitudinal section and a round cross-section. The container also had a round cross-section that was concentric
with the die. Ferrite–pearlite plain carbon steel, S20C
(Fe–0.21C–0.47Mn–0.17Si–0.16P–0.14S, wt.%), was used as
the billet material. The mean ferrite grain size of the billet was
approximately 17 m. The cooling system was capable of water
mist cooling with a controllable cooling rate. The water mist
nozzles were set immediately below the die. Three nozzles in
the extrusion direction were arranged in four directions around
the extruded billet for uniform cooling.
The extrusion ratio (i.e., cross-sectional area reduction) ρ is
expressed by ρ = A0 /A1 , where the cross-sectional area before
extrusion is represented by A0 and that after extrusion is A1 . The
average strain imposed after extrusion ε̄ is expressed by
ε̄ = ln ρ.

(1)

The internal diameter of the container was 22 mm and those
of two types of die were 10 and 6.5 mm, i.e., the extrusion
ratios were ρ = 5 and 12, respectively. The average strains were
ε̄ = 1.6 and 2.4, and these corresponded to rolling reductions r
of 75% and 88%, respectively. Note that the surface regions of
the extruded products are subjected to greater strain because of
shear deformation by friction [13,14]. The dies were machined
to R7 mm in the longitudinal section. The extrusion speed was
9 mm/s; therefore, the average strain rates without the consideration of dead metal were ε̄˙ = 2.1 s−1 when ρ = 5, and ε̄˙ = 3.1 s−1
when ρ = 12. Hot-working-tool steel, SKD61 (JIS, HRC > 53),
was used as the material for the stem, container and dies. A

mica plate was inserted between the stem and the billet for heat
insulation. Glass lubricants [12,15,16] were applied around and
at the bottom of the billets. The chemical compositions of the
glass lubricants are shown in Table 1. Two kinds of lubricants
with moderate viscosities at high temperatures (≥1000 ◦ C) and
at low temperatures (≤900 ◦ C) [16] were selected. The diameter
of the billets was 20 mm and the height was 40 mm. The billets
were heated to 1000 ◦ C and kept at this temperature for 5 min
before extrusion when the extrusion temperature was less than
900 ◦ C. This process was carried out to completely transform the
microstructure into austenite grains. The temperatures of the billets immediately before extrusion were directly measured using
a K-type thermocouple inserted into the center of each billet.
The natural cooling rate in the mold was about 2 ◦ C/s. The cooling rates without deformation due to water mist cooling were
35 ◦ C/s when the diameter was 10 mm, and 50 ◦ C/s when the
diameter was 6.5 mm.
3. Results and discussion
3.1. Grain sizes and SEM observation of fine-grained
microstructures
Fig. 2 shows ferrite grain sizes at the surface region (100 m
below the edge) and the center region of the materials extruded
at the extrusion temperatures of 1100/1000/900/800/700/600 ◦ C
and the extrusion ratios of ρ = 5 and 12. The ferrite grain sizes
of the materials extruded at more than 900 ◦ C (diameter > 3 m)
were measured by optical microscope observation, and those of
the materials extruded at 800, 700 and 600 ◦ C were measured
by FE-SEM observation. Finer ferrite grains were generated at

Table 1
Viscosities and chemical compositions of glass lubricants (wt.%) (A: 1100–1000 ◦ C extrusion, B: 900–600 ◦ C extrusion [17])
Viscosity
A
B

1150 ◦ C

200 Pa s at
130 Pa s at 800 ◦ C

SiO2

Al2 O3

B2 O3

Na2 O

K2 O

CaO

MgO

56
33

15
2

6
36

0.5
16

0.2
1

22
8

0.6
4
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Fig. 3. SEM images of microstructures along longitudinal section of sample extruded at 800 ◦ C, extrusion ratio  = 12: (a) 100 m below the edge (at the surface);
(b) at 1/4 of the diameter; (c) at the center. The diameter of the extruded product is 6.5 mm. ‘1’ indicates the pearlite colonies.

Fig. 4. SEM images of microstructures along longitudinal section of sample extruded at 700 ◦ C, extrusion ratio ρ = 12: (a) 100 m below the edge (at the surface);
(b) at 1/4 of the diameter; (c) at the center. The diameter of the extruded product is 6.5 mm. ‘1’ indicates the pearlite colonies and ‘2’ indicates the cementite particles.

Fig. 5. SEM images of the microstructures along longitudinal section of sample extruded at 600 ◦ C, extrusion ratio ρ = 5: (a) 100 m below the edge (at the surface);
(b) at 1/4 of the diameter; (c) at the center. The diameter of the extruded product is 10 mm. ‘1’ indicates the bands of pearlite colonies or the bands of clusters of
cementite particles.

a lower extrusion temperature at both the surface and the center
regions of the extruded materials. The reasons for the finer ferrite
grains being obtained at the surface than at the center are that
shear strain due to friction with the die is added to the strain at the
surface, and that the cooling rate at the surface after extrusion is
faster than that at the center. Finer ferrite grains were generated
upon increasing the extrusion ratio from ρ = 5 to 12, because of
the increases in strain and strain rate. The materials extruded
at 1100 ◦ C, which is higher than the finishing temperature of
general hot rolling, that is, 900–1000 ◦ C [17–19], have ferrite
grain sizes of 5–8 m and can be used for industrial products.
The ferrite grain sizes decreased with a decrease in the extrusion
temperature above 800 ◦ C.
The ferrite (␣)–austenite (␥) transformation temperature of
0.2% carbon steel is generally 825 ◦ C for Ac3 (␣ → ␥) and about
700 ◦ C for Ar3 (␥ → ␣) when cooling rate is 2 ◦ C/s [20]. The
phase of the microstructures at 800 or 700 ◦ C may be undercooled austenite or a dual phase of undercooled austenite and
ferrite [20–23]. The phase at 600 ◦ C is completely ferrite.
Figs. 3–5 show the SEM images of the microstructures along
the longitudinal section, extruded at 800 ◦ C, ρ = 12; at 700 ◦ C,
ρ = 12; and at 600 ◦ C, ρ = 5, respectively. The micrographs
show (a) the surface (100 m below the edge), (b) 1/4 of the
diameter ((1/4)d) from the surface and (c) the center regions.

Figs. 4(a) and 5(a) show the UFGs with an average diameter
of 1.2 m at the surface of the materials extruded at 700 and
600 ◦ C.
In Fig. 3, the 800 ◦ C-extruded material has equiaxed random
ferrite grains without elongation in the extrusion direction. The
size of pearlite colonies decreased in the direction from the center to the surface, as did the size of ferrite grains. The materials
extruded above 900 ◦ C were also observed to have microstructure forms that are similar to those of this 800 ◦ C-extruded
material, except the grain sizes. A strain-induced transformation (␥ → ␣), due to the increase of Ar3 resulted by the strain
[20,21], is promoted by the high shear strain and the high cooling
rate in this study.
In Fig. 4(c), the center of the 700 ◦ C-extruded material has
equiaxed ferrite grains and pearlite colonies, similar to the
800 ◦ C-extruded material. However, the pearlite colonies at 1/4
of the diameter are much smaller than those at the center, as
shown in Fig. 4(b). In the region of outer side of (1/4)d, the second phase changed to cementite particles from pearlite colonies.
At the surface, cementite particles with diameter of 100–200 nm
discretely exist as shown in Fig. 4(a). Equiaxed ferrite grains and
pearlite colonies are observed at the center, but cementite particles exist along lines in the extrusion direction at the surface.
The phase during the 700 ◦ C extrusion is the undercooled austen-
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Fig. 6. EBSD result of the cross-section at 1/4 of the diameter of the 800 ◦ C-extruded material; ρ = 12: (a) RD map, (b) TD map, (c) ND map and (d) grain boundary
map.

Fig. 7. EBSD result of the cross-section at 1/4 of the diameter of the 700 ◦ C-extruded material; ρ = 12: (a) RD map, (b) TD map, (c) ND map and (d) grain boundary
map.

Fig. 8. EBSD result of the cross-section at 1/4 of the diameter of the 600 ◦ C-extruded material; ρ = 5: (a) RD map, (b) TD map, (c) ND map and (d) grain boundary
map.

ite phase or its combination with the ferrite phase [20–23]. The
strain-induced ferrite transformation accelerates the transformation of the remaining austenite grains. The cooling rate at the
surface is faster than at the center, or the time interval between
the end of deformation and the start of cooling is shorter at the
surface than that at the center. Therefore, the time for austenite
or ferrite static recrystallization is shorter, and pearlite colonies
or cementite particles might be more discretely grown closer to
the surface.
In Fig. 5, the 600 ◦ C-extruded material has bands of pearlite
colonies or bands of clusters of cementite particles with a width
of 5–10 m throughout the section. The cementite layers in
pearlite colonies at the surface are deformed by a large strain and
are dispersed into the cementite particles [9]. The space between
these bands of pearlite colonies or between clusters of cementite
particles at the surface is about a half of that at the center. This
indicates that shear strain at the surface is larger than that at the
center. Coarse ferrite grains and fine ferrite grains are mixed at
the center, but the number of coarse grains decreases closer to the
surface. Some of the fine ferrite grains are expanded at the center and at the region of (1/4)d (Fig. 5(b) and (c)); the expansion
decreases closer to the surface due to the increase in strain. The
strain of more than 3 throughout the section will yield ultrafine
ferrite grains, as shown in Fig. 5(a), throughout the entire section
(according to Refs. [9,10]). The warm extrusion will be useful

as a finishing process for obtaining ultrafine-grained materials
with various cross-sectional shapes. However, there are few merits of using S2 PF in the ferrite phase, because the rate of ferrite
grain coarsening is much slower than that of austenite grain
coarsening, as mentioned above.
3.2. EBSD analysis
EBSD analyses were performed to investigate the texture
and boundary misorientation angle of the extruded materials.
Figs. 6–8 show the EBSD results ((a)–(c) inverse pole figure
(IPF) maps and (d) grain boundary (GB) map) of the crosssection at the region of (1/4)d of the materials extruded at 800 ◦ C,
ρ = 12; at 700 ◦ C, ρ = 12; and at 600 ◦ C, ρ = 5, respectively.
These three samples correspond to the SEM-observed materials
in Figs. 3–5. RD is the extrusion direction, TD is the circumference direction and ND is the direction from the surface to
the center. Fig. 9(a)–(c) shows the number distributions of the
boundary misorientation angles. Analyzed points with a confidence index of less than 0.1 were regarded as adjacent points
with a higher confidence index.
According to the IPF maps in Figs. 6–8(a)–(c), textures in
the (1 0 1) direction are observed in the RD map, but there are
no significant textures in the TD or the ND maps of the three
materials. In the microstructure of the 600 ◦ C-extruded mate-
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boundaries (LABs) of less than 15◦ (and more than 5◦ ) for the
600 ◦ C-extruded material, 51%, is much higher than those for the
800 ◦ C- and 700 ◦ C-extruded materials, 11% and 18%, respectively. The average misorientation angle of the 600 ◦ C-extruded
material is 21%, much lower than those of 800 ◦ C- and 700 ◦ Cextruded materials, 39◦ and 35◦ . These results indicate that the
billet at 600 ◦ C was in the ferrite phase, and that the strain at the
region of (1/4)d might be insufficient for obtaining UFGs; therefore, many subgrains of a second phase remained. The result
that the fraction of LABs for the 700 ◦ C-extruded material is
8% higher than that for the 800 ◦ C-extruded material indicates
that the amount of ferrite phase in the billet at 700 ◦ C might be
more than that at 800 ◦ C. The region of (1/4)d below the surface
of the extruded materials is equivalent to the region of nearly
(1/6)d below the surface of specimens used in the tensile tests
and cold compression tests, as mentioned below, and may most
significantly influence the test results.
3.3. Tensile tests
Tensile tests of the single-pass extruded products were carried
out at room temperature. The extruded materials with a diameter
of 10 mm were mechanically machined into test specimens with
a parallel section length of 40 mm and a diameter of 8 mm, and
those with a diameter of 6.5 mm were machined into test specimens with a parallel section length of 25 mm and a diameter of
5 mm. The cross-head speed was 1 mm/min.
Fig. 10 shows the resultant yield strength (YS, or 0.2% toughness), tensile strength (TS) and uniform elongation (EL) for the
extruded materials and for S20C material annealed at 900 ◦ C for
2 h. YS and TS are expressed in terms of the true stress, and EL
is expressed in terms of the true strain. Here, true stress σ and
true strain ε are obtained from the equations σ = σ*(1 + ε*) and
ε = ln(1 + ε*), where σ* is the nominal stress and ε* is the nominal strain. Fig. 11 shows the relationship between TS and EL for
these materials. Fig. 12 shows true stress–true strain curves of

Fig. 9. Distributions of boundary misorientation angle obtained by EBSD analyses. (a) Extruded at 800 ◦ C, ρ = 12, fHAGB = 89%, θ ave = 39◦ ; (b) extruded
at 700 ◦ C, ρ = 12, fHAGB = 82%, θ ave = 35◦ ; (c) extruded at 600 ◦ C, ρ = 5,
fHAGB = 49%, θ ave = 21◦ . fHAGB : fraction of high-angle grain boundaries (>15◦ ),
θ ave : average misorientation angle.

rial, the coarse grain has tendency of (1 0 0) orientation along
RD (the extrusion direction). This indicates that the grains with
(1 0 0)||RD have low nucleation rates and weak recrystallization
kinetics [9].
In Fig. 9, the fraction of high-angle grain boundaries
(HAGBs) of more than 15◦ and the average misorientation angle
of the 700 ◦ C-extruded material are lower than those of the
800 ◦ C-extruded material. Although the fraction of lower misorientation angles for the 700 ◦ C-extruded material is higher than
that for the 800 ◦ C-extruded material, there is a peak at around
50◦ for the 700 ◦ C-extruded material, as shown in Fig. 9(b).
This fraction decreases with increasing misorientation angle
for the 600 ◦ C-extruded material. The fraction of low-angle

Fig. 10. Tensile strength (TS), yield strength (YS) and uniform elongation (EL)
for the materials extruded at 1100–600 ◦ C and for S20C annealed for 2 h.

K. Nagato et al. / Materials Science and Engineering A 478 (2008) 376–383

Fig. 11. Relationship between tensile strength (TS) and uniform elongation (EL)
for the materials extruded at 1100–600 ◦ C and for S20C annealed for 2 h.

the annealed material and materials extruded under the conditions of 800 ◦ C, ρ = 12; 700 ◦ C, ρ = 12; and 600 ◦ C, ρ = 5. These
specimens had identical microstructures, as shown in Figs. 4–9.
For extrusion temperatures of more than 800 ◦ C, YS and TS
increase and EL decreases with decreasing extrusion temperature, as shown in Fig. 10. The TS–EL plots for the annealed
material and the materials extruded at temperatures of more
than 800 ◦ C closely follow the dashed line in Fig. 11. In other
words, TS increases and EL decreases with the miniaturization
of ferrite grain size. However, EL markedly increases in the
700 ◦ C-extruded material. Although this material retains its TS
of 650 or 700 MPa, its EL increases to about 15% on average
and 17% at maximum, in comparison with about 10% in the
case of the 800 ◦ C-extruded material. Furthermore, the TS of
the 600 ◦ C-extruded material decreases to about 660 MPa and
EL decreases to about 8%, although YS remains the same as that
of the 800 ◦ C-extruded material.
The increase in TS and the decrease in EL of the materials
extruded at more than 800 ◦ C are caused by the miniaturization
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of ferrite grains and pearlite colonies, which can be explained
the Hall–Petch law.
In the 700 ◦ C-extruded material, pearlite colonies or cementite particles are finer and exist more discretely towards the
surface, as shown in Fig. 4. The increase in EL is expected to
be caused by the large fraction of fine cementite particles of the
second phase (pearlite colonies and clusters of cementite particles) [24–26]. This EL was higher than that of other processes
[27–30], although TS was lower. This phenomenon has not been
reported in warm ECAP or ARB, or warm rolling. The most
likely reason for its occurrence is that the 700 ◦ C-extruded material has equiaxed random ferrite grains surrounded by HAGBs
throughout and the misorientation angle is equal to that obtained
after hot extrusion. The second phase was cementite particles at
the surface and pearlite at the center. Because the cementite particles existed immediately outside of (1/4)d of the billets, they
were second phase at the outer region of about (1/6)d of the
tensile specimen. When deformation is induced by tension in
the tensile test, microcracks or dislocations are initiated from
cementite particles; therefore, the microstructures are strengthened by the dispersed cementite particles. On the other hand,
ferrite grains of appropriate size lead to high EL. As a result, high
TS and high EL are maintained. In other words, the appropriate
size of ferrite grains with dispersed cementite particles results
in these good mechanical properties. However, some scattering
of EL, from 12% to 17%, is observed. This is because 700 ◦ C is
the critical temperature of transformation from an undercooled
austenite phase to the ferrite phase [20,21], and scattering of the
phase of the microstructure before and during extrusion occurs.
To enable a more detailed investigation, more accurate measurement and control of the material temperature are necessary.
If a larger billet is used in industry, better microstructures and
mechanical properties will be obtained because of the larger heat
capacity.
The 600 ◦ C-extruded material has a lower TS and EL than
the other extruded materials. This may be due to the bands of
pearlite colonies or clusters of cementite particles with a width
of 5–10 m that may be fragile in the extrusion direction, or to
the many LABs that exist, as shown in Figs. 8 and 9(c).
TS and YS are plotted as a function of the average ferrite
grain size of the test specimens d̄ in Fig. 13. The TS and YS
of the materials, except for the TS of the annealed material √
and
◦
the 600 C-extruded material, are nearly proportional to 1/ d̄,
obeying the Hall–Petch law. The TS of the annealed material
falls below the line. This is because the annealed materials have
little texture, as shown in Figs. 6 and 7, and the strength in
the tensile direction is relatively low. The reason why the TS
of the 600 ◦ C-extruded material also falls below the Hall–Petch
line is that many subgrains surrounded by LABs or dislocations
remain, as shown in Figs. 8 and 9(c).
3.4. Cold compression tests

Fig. 12. True stress–true strain curves obtained by tensile tests of the specimens:
(a) as-received and annealed at 900 ◦ C for 2 h; (b) extruded at 800 ◦ C, ρ = 12
(the microstructure is shown in Figs. 4 and 7); (c) extruded at 700 ◦ C, ρ = 12
(the microstructure is shown in Figs. 5 and 8); and (d) extruded at 600 ◦ C, ρ = 5
(the microstructure is shown in Figs. 6 and 9).

We carried out cold compression tests, in which larger strain
than that in tensile tests can be imposed. The test specimens
were the 800 ◦ C-extruded material (YS: 400 MPa, TS: 700 MPa,
EL: 9%) and the 700 ◦ C-extruded material (YS: 460 MPa, TS:
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that internal strain was uniform during the tests. The 700 ◦ Cextruded material exhibits strain hardening to nearly 1 GPa at a
strain of 1, which is much higher than that of about 0.8 GPa for
the 800 ◦ C-extruded material. In the result for the cold-rolled
low-carbon steel, a marked decrease in stress after yielding is
observed. This is due to the remaining dislocations or internal
microcracks. Note that the results of the compression test do
not always agree with those of the tensile tests. This may be
because the strain during the compression is not uniform due
to the remaining friction between the anvils and the specimens.
Thus, the compression tests in this study lack quantitative accuracy. Nevertheless, this result indicates that a 700 ◦ C-extruded
material with an average ferrite grain size of about 2 m has
a superior cold-forging property. This property is useful for
not only cold-forging materials for meter- or millimeter-sized
products but also micrometer-scale forging materials that are
influenced by grain size [31].
4. Conclusions

Fig. 13. Effects of the average ferrite grain size (d̄ (m)) on the tensile strength
(TS) and yield strength (YS, or 0.2% toughness) of the test specimens.

700 MPa, EL: 16%), and a cold-rolled low-carbon steel rod
(Fe–0.16C–0.73Mn–0.32Si, wt.%) with YS and TS of 800 MPa
and EL of 0% was adopted as a reference. Cylindrical specimens
were machined to Ø5 × h 7.5 mm. Then they were compressed
to a height of about 1.8 mm, keeping the equivalent strain rate of
1 s−1 by controlling the ram speed. Teflon sheets were inserted
between the anvils and the test specimens to reduce friction.
Fig. 14 shows the obtained stress–strain curves. The true
stress and true strain were obtained, assuming that there was no
friction with the anvil, bulging deformation did not occur and

We have demonstrated the refinement of the microstructure and the improvement of the mechanical properties of
0.2% carbon steels processed by S2 PF at hot and warm phases
(1100–600 ◦ C) with extrusion ratios ρ = 5 and 12, glass lubrication and water mist cooling. The results are presented below:
1. For materials extruded at 1100–800 ◦ C, finer ferrite grains
and pearlite colonies were obtained at lower temperatures.
The yield strength, tensile strength and uniform elongation
in tensile tests at room temperature followed the Hall–Petch
law. The highest tensile strength was 700 MPa, obtained in
the material extruded at 800 ◦ C.
2. The material extruded at 700 ◦ C had fine ferrite grains with
minimum diameter of 1.2 m and an average grain size of
2 m, with fine pearlite colonies or cementite particles. In
the EBSD analysis of this microstructure, the fraction of the
high-angle grain boundaries was close to that of the material
extruded at 800 ◦ C. The high uniform elongation of about
15% was due to these features of the microstructures.
3. The material extruded at 600 ◦ C with extrusion ratio ρ = 5
had mixed microstructures of coarse ferrite grains and ultrafine ferrite grains at the center and bands of coarse pearlite
colonies or clusters of cementite particles extending in the
extrusion direction throughout. In the EBSD analysis, many
subgrains of a second phase surrounded by low-angle boundaries were observed. In the tensile test, a tensile strength that
fell below the Hall–Petch line was obtained.
4. In the results of the cold compression tests for the material
extruded at 700 ◦ C, high strain hardening was attained and a
superior cold-forging property was confirmed.
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